Para-hydroxybenzoate hydroxylase inserts oxygen into substrates by means of the labile intermediate, flavin C(4a)-hydroperoxide. This reaction requires transient isolation of the flavin and substrate from the bulk solvent. Previous crystal structures have revealed the position of the substrate para-hydroxybenzoate during oxygenation but not how it enters the active site. In this study, enzyme structures with the flavin ring displaced relative to the protein were determined, and it was established that these or similar flavin conformations also occur in solution. Movement of the flavin appears to be essential for the translocation of substrates and products into the solvent-shielded active site during catalysis.
Para-hydroxybenzoate hydroxylase inserts oxygen into substrates by means of the labile intermediate, flavin C(4a)-hydroperoxide. This reaction requires transient isolation of the flavin and substrate from the bulk solvent. Previous crystal structures have revealed the position of the substrate para-hydroxybenzoate during oxygenation but not how it enters the active site. In this study, enzyme structures with the flavin ring displaced relative to the protein were determined, and it was established that these or similar flavin conformations also occur in solution. Movement of the flavin appears to be essential for the translocation of substrates and products into the solvent-shielded active site during catalysis.
Many enzyme-catalyzed reactions require insulation of the reacting species from aqueous solvent. This is often achieved by induced fit rearrangements of protein loops or domains (1) . We have studied the accessibility of substrates to the active site of parahydroxybenzoate hydroxylase (PHBH), a bacterial flavoprotein. PHBH (E.C. 1.14.13.2) catalyzes the monooxygenation of p-hydroxybenzoate (p-OHB), formed during the biodegradation of lignin, to 3,4-dihydroxybenzoate (Fig. 1) . The latter compound is a metabolite in several aromatic degradation pathways (2) . PHBH is the prototype for a number of flavoprotein monooxygenases that catalyze similar hydroxylation reactions, in which molecular oxygen is cleaved without the intervention of a metal ion (3) . The environment provided by the enzyme must be critical, because free flavins are not capable of carrying out such reactions. The key intermediate in the catalytic cycle of PHBH is the flavin C(4a)-hydroperoxide, which is unstable in protic solvents (4) . This intermediate is generated by the reaction of 0°with the reduced flavin of the p-OHB. enzyme complex (reaction 2 of Fig. 1 ) (5) in the environment of the active site, where the solvent-shielded hydroperoxide is positioned for reaction with the substrate (6) . Coupling of substrate hydroxylation to flavin reoxidation is further promoted by a decrease in the rate of substrate .NH refer to reaction steps (8, 22) . Several hydrogen bonds connect the protein to the pyrimidine portion of the flavin ring: The backbone of Val47 interacts with 0 (4) and N(3), and residues Leu299 and Asn300 interact with 0(2) and N(1). The dimethylbenzene end of the flavin is exposed to the solvent. The si side of the flavin ring, facing away from the viewer, is in direct contact with release from the reduced enzyme (5000 times slower than when the enzyme is oxidized) (7) . Previous crystallographic studies have shown substrate (Fig. 2) or product enclosed in the active site (8) but have not shown how the substrate enters or leaves its binding site.
The flavin ring can adopt two positions in the active site of PHBH. An alternate conformation was first detected in the structure of the p-OHB complex with the mutant enzyme Tyr222 --Phe222 (Y222F) (Table 1 ) (9), where the electron density reveals that the isoalloxazine ring has moved outward, away from the substrate, into a more solvent-accessible region (Fig.  3) . Water molecules fill the volume originally occupied by the pyrimidine portion of the flavin; the substrate and the side chain of residue 222 are not displaced when the flavin moves (Fig. 3B) . Examination of the electron density at the active site reveals that the observed structure actually represents a mixture of the "in" and "out" orientations, as shown in Fig. 3A .
Crystallographic refinement with two alternate conformations of the flavin ring ( 10-13) results in a ratio of about 7:3 for the occupancies of the out and in positions, respectively. In the mutant Y222F, an interaction between the isoalloxazine 0(4) and Arg220 helps to stabilize the flavin in the out position.
The out conformation of the flavin was also observed in the wild-type enzyme in complex with an alternative substrate, 2,4-dihydroxybenzoate (2,4-DOHB) (Fig. 4) . adopts the in conformation, a smaller and qualitatively different spectral change is observed on addition of p-OHB. The occurrence and magnitude of the difference peaks at 390 and 480 nm correlate with the population of the flavin in the out position as detected in the crystal structures of the complexes Y222F * p-OHB and wild-type PHBH* 2,4-DOHB, and can be interpreted as a signature for interactions between the substrate and a displaced flavin.
The orientation of the flavin in PHBH in solution was also examined by chemical modification with a flavin analog carrying a photoreactive azido group. For these studies, 6-azido-FAD was incorporated into PHBH (14) . When irradiated with visible light, the azido group is converted to a highly reactive nitrene (15) . We determined the extent of photolabeling of the wild-type enzyme by the nitrene in the presence or absence of substrates (14) . Table 1 . Summary of data sets and crystallographic refinements (WT, wild-type PHBH). Data sets were collected at 220C with a dual area detector (Area Detector Systems). The space group was C2221 for all crystals of the Pseudomonas aeruginosa enzyme. Cell dimensions, which were insensitive to the addition of substrates or inhibitors, were: a = 71.81 + 0.10 A, b = 146.38 ± 0.29 A, c = 88.20 + 0.17 A (mean + SD). Crystals of the P. aeruginosa enzyme are highly isomorphous to those of the P. fluorescens enzyme (8) , which therefore was used as the starting model. The first steps of refinement used only the reflections between 5 and 2 A. After initial adjustment of the coordinates, in which the model (not containing water molecules) was treated as a rigid body, the positional parameters were refined by simulated annealing (by use of the slow-cool protocol) from 1000 K with X-PLOR (10). These steps were followed by independent refinement of the thermal and occupancy parameters. Water molecules were added interactively (13) . A final refinement of all independent parameters was done after inclusion of the reflections in the range 15 to 5 A, in association with the computation of a mask to account for the contribution of the bulk solvent to the x-ray term. (Fig. 4) . One site (Br2), near the backbone of residues Ile43 and Arg44, is almost fully occupied in all of our experiments and does not appear to influence the flavin position. The other site (Brl), on the re side of the flavin (Fig. 4) , varies in occupancy according to the distribution of flavin orientations. In the PHBH *p-OHB * Brstructure, in which the flavin adopts the in conformation, a Br-ion is found at full occupancy in the Brl site near the re side of the flavin. For the PHBH* 2,4-DOHB-Br-complex, refinement establishes that occupancy of Br-at the re side site (Brl) is about 40%, whereas the occupancy of the in orientation of the flavin is about 20%. Thus, both structures show a linkage between Br-binding and flavin orientation and suggest that bromide alters the equilibrium between the two conformations of the flavin.
In wild-type PHBH, hydroxylation of the substrate is highly favored, and decay of the flavin C(4a)-hydroperoxide to H202 and oxidized FAD is not detected (17) . Formation of product must occur with the flavin in its interior position, with the C(4a)-hydroperoxide positioned to attack the C3 of p-OHB, as shown by modeling studies (6) . At the same time, C(4a) and N(5) are insulated from the solvent, which prevents the competing expulsion of hydrogen peroxide from the FAD, a reaction that entails deprotonation of the N(5)H of the flavin and protonation of the leaving group OOH- (4 equilibrium redox properties of the bound FAD are also consistent with the electrostatic calculations; the redox potential of the bound FAD is about 50 mV more positive than that of the free FAD (17) , which indicates that the reduced FAD is bound more tightly, by about 2.4 kcal/ mol, to the enzyme than is the oxidized form.
All our results thus point to a role for flavin motion in the process of substrate binding or product release in PHBH. In the mutant Y222F, where the hydroxyl of Tyr222 is absent, the outer position for the flavin is favored; this suggests that movement of Tyr222 (and its hydroxyl group) away from the substrate could facilitate displacement of the flavin in the wild-type enzyme. We modeled a combined rearrangement of FAD and Tyr222 that opens a channel from the solvent into the pocket where the substrate binds (Fig. 6B) . Although the diameter of the channel in this model is smaller than the substrate, the path may be widened by small transient motions of other groups in the protein. The flexibility of the ribityl side chain is crucial in permitting the flavin to function as a gate that controls the route into and out of the active site. Closing the gate after p-OHB binds allows hydroxylation to proceed in a conformation of the active site that protects the intermediates from unwanted reactions with the solvent. Release of the hydroxylated product again requires the opening of the gate, with the flavin swinging out. Similar events may also be important in the binding and release of pyridine nucleotides.
The type of flavin motion described here, on the basis of snapshots of different flavin-binding modes, might well represent a general phenomenon. For instance, the reactions of proton translocation that take place in mitochondrial complex I may include asymmetric protonation and deprotonation of the flavin ring, allowed by a swinging motion of the flavin (21) . This view emphasizes that the flavin cofactor is widely employed in biological oxidation reactions, not only for its chemical versatility but also for its conformational adaptability.
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In this study, an in vitro system was developed that accurately removed uridines from this editing site in synthetic ATPase 6 pre-mRNA when gA6 [14] and ATP were added. Mutations in both the guide RNA and the pre-mRNA editing site suggest that base-pairing interactions control the number of uridines deleted in vitro. Thus, guide RNAs are required for RNA editing and for the transfer of genetic information to pre-mRNAs:
Mitochondrial pre-mRNAs in kinetoplastid protozoa have precise numbers of uridine residues inserted and deleted by RNA editing (k-RNA editing) (1). This possibly ancient (2) process produces mature mRNA sequences, often creating most of the coding information (3, 4 ATPase 6 pre-mRNA appears to be directed by the gRNA gA6 [14] (Fig. 1A) (14) . The gRNA-mRNA chimeric molecules predicted by some models of RNA editing (6, 7) are produced when these two RNAs are incubated with mitochondrial lysate (9) . Characterization of these molecules showed that the pre-mRNA portion of several lacked uridine residues at the editing site closest to the 3' Fig. 1 A end (ES1), a site from which uridines are deleted in vivo (4) . Here, we investigated whether removal of these uridines required, and was specified by, the gRNA included in the in vitro incubation, using a procedure analogous to the assay of in vitro RNA editing employed in other systems (15) . Our assay used dideoxythymidine (ddT) to halt reverse transcription at the adenosine immediately upstream of ES1 in a synthetic ATPase 6 transcript that was modified to distinguish it from endogenous mRNA (A6/TAG; see Fig.  1B ) (16) . A shorter product will be created if the A6/TAG transcript is processed correctly in vitro by gA6 [14] . Subsequent treatment with a processive terminal transferase was used to add numerous deoxynucleotides to unextended primer and to products resulting from premature termination and "run-off" reverse transcription (which all terminate in 3' hydroxyls). Molecules lengthened in such a way are prevented from entering high-percentage polyacrylamide gels, thereby allowing clear identification of extension products terminating in ddT.
Analysis of A6/TAG substrate after coincubation in mitochondrial lysate with an equimolar (Fig. 2, lane 8) or 10-fold molar excess (Fig. 2, lane 9 ) of synthetic gA6 [14] showed two ddT-terminated primer extension products ("product" and "-2" in Fig. 2 ). Neither resulted from reverse transcription of endogenous RNAs, because neither was seen if A6/TAG was omitted (lane 5). Both products were present after terminal transferase treatment, which nearly completely shifted the unextended primer (compare lanes 1 to 3 with lanes 4 to 10 in Fig. 2 , and compare lanes 1 to 3 with lanes 4 to 7 in Fig. 3B ). Thus, both bands seen in Fig. 2 , lanes 8 
